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Wnts as Retrograde Signals for Minireview
Axon and Growth Cone Differentiation
stem (Figure 1). Because of its relatively simple anatomi-
cal organization, the ability to study cell migration and
synapse formation in vitro and the availability of naturally
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New York University Medical School occurring mouse mutants with defects in cerebellar dif-
ferentiation, the cerebellum has been a favored systemNew York, New York 10016
for studying neural development. GC precursors begin
to migrate from the external to internal granular layer
approximately 1 week after birth in the mouse. MossyFollowing neurogenesis and the initial steps of axon
fiber axons, waiting in the internal granular layer, beginpathfinding, growth cones approach their target cells
to form synaptic contacts with GC neurons during theand initiate the process of synapse formation. Much of
following week. Mossy fiber/GC synapses are locatedour knowledge regarding the mechanisms that regulate
in glomerular rosettes, which are formed by elaboratesynapse formation arises from studies of developing
expansions of a mossy fiber nerve terminal embeddedneuromuscular synapses. These studies suggest that
within the dendrites of numerous granule cells (Figurepresynaptic and postsynaptic cells exchange signals
1). The signals that guide mossy fiber axons to the cere-that stimulate and coordinate their mutual differentiation
bellum are not known, but the mossy fiber growth cones(Burden, 1998). Although there are hints that similar par-
enlarge and become multilobulated as mossy fiber ax-adigms, including reciprocal signaling, might regulate
ons approach and intermingle with GC dendrites, sug-synapse formation in the central nervous system (CNS),
gesting that an exchange of signals between mossythe mechanisms that govern synapse formation in the
fibers and GCs regulates their differentiation. Indeed,CNS are poorly understood, and signaling molecules
studies of mouse mutants lacking GCs indicate that GCsthat regulate CNS synapse formation and differentiation
are required for glomerular formation (Sotelo, 1975), andhave not been identified. In this issue of Cell, Hall et al.
cell culture experiments indicate that GCs provide cell(2000) now report that Wnts, signaling molecules that
surface-associated ªstopº signals that arrest the growthare known for their diverse and widespread roles during
embryonic development, are synthesized by postsynap- of mossy fiber axons (Baird et al., 1992; Zhang and
tic cerebellar granule cells (GCs) and remodel the axons Mason, 1998).
and growth cones of presynaptic mossy fibers. Impor- Wnt-7a, Synthesized by GCs, Regulates Presynaptic
tantly, their findings indicate that Wnts can act as retro- Differentiation of Mossy Fibers
grade synaptogenic factors in the CNS. Hall et al. (2000) show that cultured GC neurons secrete
The Wnt Signaling Pathway factors that alter the morphology of mossy fiber axons
Wnt proteins are a large (.16 members) family of cyste- and growth cones. GC-conditioned medium increases
ine-rich, secreted signaling molecules, associated with the diameter of mossy fiber axons, induces axonal
the extracellular matrix, that regulate cell fate decisions, spreading and branching, and promotes axon fascicula-
cell polarity, and embryonic patterning (Parr and McMa- tion. In addition, GC-conditioned medium increases the
hon, 1994; Wodarz and Nusse, 1998; Eastman and size and complexity of mossy fiber growth conesÐa
Grosschedl, 1999). Wnts bind to a similarly large family shape change that resembles the multilobulated ap-
of seven pass transmembrane proteins, termed Friz- pearance of mossy fiber terminals seen in vivo. Hall et
zleds. Wnt-binding leads to inhibition of GSK3b, a ser- al. find that Wnt-7a, which is expressed by GC neurons,
ine/threonine kinase with multiple substrates, including can mimic most of the effects of GC-conditioned me-
b-catenin and several microtubule-associated proteins. dium as well as increase synapsin I-staining in the re-
Inhibition of GSK3b results in stabilization and accumu- modeled axons. GC-conditioned medium, however, in-
lation of b-catenin, allowing b-catenin to associate with creases growth cone complexity more than Wnt-7a,
members of a family of four related HMG proteins, LEF- raising the possibility that additional factors in GC-con-
1/TCFs, that activate transcription of Wnt target genes. ditioned medium regulate the remodeling of growth
Pharmacological inhibition of GSK3b leads to decreased cones. Importantly, the effects of GC-conditioned me-
phosphorylation of microtubule-associated proteins, re- dium that are mimicked by Wnt-7a can be blocked by
sulting in destabilization and unbundling of microtu- a soluble, dominant interfering form of Frizzled. Taken
bules, leading to changes in cell shape. together, these data support the idea that much of the
Cerebellar Granule Cell Neurons Regulate Innervation axon and growth cone remodeling activity of GC-condi-
of the Cerebellar Cortex tioned medium is attributable to Wnt-dependent sig-
Hall et al. (2000) investigated Wnt function in the devel- naling.
oping cerebellar cortex. The cerebellar cortex is a strati- Consistent with the proposed role for Wnt-7a inferred
fied structure containing five classes of neurons, orga- from these in vitro experiments, Hall et al. (2000) report
nized in two distinct cellular layers. GCs, which occupy that transient defects in mossy fiber presynaptic differ-
the innermost layer, are by far the most numerous type entiation can be detected in Wnt-7a mutant mice. Hall
of cerebellar neuron, and they receive synaptic input et al. visualized glomerular rosettes by staining for sy-
from mossy fibers originating in vestibular and somato- napsin I, present in mossy fiber axons, and found that
sensory centers and in the pontine nucleus of the brain the size of synapsin I-stained areas are reduced in Wnt-
7a mutants. This reduction is small and transientÐ
detectable at P8 and P10 but not thereafter. Electron* E-mail: burden@saturn.med.nyu.edu.
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Figure 1. WNT Retrograde Signaling
Wnt-7a, synthesized by postsynaptic granule
cell neurons (GCs), remodels the axons and
growth cones of developing presynaptic
mossy fibers. Wnts, expressed in the adult
nervous system, have the potential to regu-
late synaptic structure and function.
microscopic studies show that mossy fiber endings are whether Golgi cells also provide Wnts to incoming
mossy fibers. Furthermore, since GCs are themselvesless convoluted in Wnt-7a mutant mice than in wild-type
mice, indicating that differentiation of mossy fiber axons responsive to Wnts (Lucas and Salinas, 1997), it is possi-
ble that autocrine signaling might have a role in regulat-is delayed in these mutants. The expression of multiple
Wnts in the cerebellum (McMahon and Bradley, 1990; ing GC differentiation and the elaboration of GC den-
drites.Salinas et al., 1994; Lucas and Salinas, 1997) and the
redundant roles of Wnts in other tissues raise the possi- The persistent expression of Wnts in the adult nervous
system raises the possibility that Wnt signaling has anbility that other Wnts compensate for the loss of Wnt-
7a and provide a potential explanation for the weak important role in synaptic plasticity in addition to its well-
established role in patterning the early nervous system.phenotype. Alternatively, Wnts may cooperate with
other signaling molecules, such as Shh, which syner- Indeed, Wnts act focally to regulate changes in cell
shape, and changes in the shape of presynaptic termi-gizes with Wnts to regulate myogenesis (Munsterberg
et al., 1995). nals and postsynaptic spines are thought to underlie
changes in synaptic function and possibly learning (En-Wnts as Regulators of Synaptic Development
and Plasticity? gert and Bonhoeffer, 1999; Maletic-Savatic et al., 1999).
Thus, Wnts would appear to be particularly well suitedFuture studies, following upon the new and exciting
findings described by Hall et al. (2000), will seek to estab- as mediators of synaptic plasticity.
Wnt signaling can alter cell behavior by transcriptionallish more firmly a role for Wnt signaling in vivoÐperhaps
by expressing a dominant-negative form of Frizzled in and posttranslational mechanisms. Hall et al. (2000) pro-
vide evidence that Wnt-7a unbundles microtubules inmossy fibers to interfere with potential signaling by mul-
tiple Wnts and to elicit a more potent and persistent mossy fiber axons, an effect that is mimicked by lithium
inhibition of Gsk3b, suggesting that such destabilizationeffect on synapse formation. Likewise, it will be interest-
ing to block Wnt signaling in mossy fiber/GC cocultures, is an early step in growth cone initiation. These results
also raise the possibility that the effectiveness of lithiumusing dominant-negative forms of Frizzled, to learn
whether Wnt signaling primes or is required for synapse as a therapeutic agent for bipolar disorders might be
dependent upon lithium inhibition of Wnt signaling information between mossy fibers and GCs.
It is interesting that GCs, cultured from mice prior to the CNS (Klein and Melton, 1996). Hall et al. also show
that Wnt-7a increases synapsin I staining in axons, ainnervation in vivo, release factors that remodel mossy
fiber axons and growth cones. Thus, it appears that change that could be attributed to changes in expres-
sion and/or distribution of synapsin I. A large familythese factors are expressed constitutively and are not
induced by innervation. Nevertheless, it is possible that of Cadherins and Cadherin-related proteins, which are
expressed in the CNS, have been postulated to regulateinnervation has a role in localizing the remodeling activ-
ity to dendrites, where it may enhance synaptic differen- synapse formation and plasticity (Murase and Schuman,
1999; Serafini, 1999). Although Wnt signaling is not cur-tiation more effectively. In this regard, although the re-
modeling activities are soluble in cell culture, it is rently thought to regulate Cadherin-mediated adhesion,
the synapse is a new context for Wnt signaling; thus, itpossible that these signals are associated with the extra-
cellular matrix in vivo, as one might expect for Wnts; will be interesting to learn whether Wnt signaling remod-
els growth cones and synapses by regulating the func-thus, their spatial range of influence may be substantially
less in vivo than in cell culture. tion of these adhesion molecules.
It is natural to wonder whether Wnt signaling has aMossy fibers are not the only input to GCs, since Golgi
cells, within the cerebellar cortex, also innervate GCs. role in regulating neuromuscular synapse formation. The
formation of neuromuscular synapses depends uponSince the terminals of Golgi cells terminate on GC den-
drites, adjacent to mossy fiber terminals in glomerular agrin signaling. Agrin is a z200 kDa protein synthesized
by motor neurons, transported in motor axons, and de-rosettes, Golgi cell axons and growth cones may also
be sensitive to Wnt signaling. Likewise, since mossy posited into the extracellular matrix that separates the
motor nerve terminal from the muscle postsynapticfibers also innervate Golgi cells, it is natural to wonder
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Serafini, T. (1999). Cell 98, 133±136.membrane. Agrin activates MuSK, a muscle-specific re-
Sotelo, C. (1975). Brain Res. 94, 19±44.ceptor tyrosine kinase, and MuSK activation triggers
Wodarz, A., and Nusse, R. (1998). Annu. Rev. Cell Dev. Biol. 14,multiple aspects of postsynaptic differentiation. Genetic
59±88.evidence supports the idea that MuSK activation also
Xu, Y.K., and Nusse, R. (1998). Curr. Biol. 8, R405±R406.stimulates the production and/or clustering of a muscle-
Zhang, Q., and Mason, C.A. (1998). Dev. Biol. 195, 75±87.derived signal that acts in a retrograde manner to stop
motor axon growth and to induce differentiation of pre-
synaptic motor axon terminals (Burden, 1998). This ret-
rograde signal(s) has not been identified. Perhaps Wnts
should be added to the list of candidate molecules? In
this regard, it is interesting that the cysteine-rich domain
in Frizzled is related to the cysteine-rich domain in MuSK
(Masiakowski and Yancopoulos, 1998; Xu and Nusse,
1998), raising the possibility that MuSK might bind and
present Wnts to motor axons as they contact muscle
cells, release agrin, and initiate postsynaptic differentia-
tion. Alternatively, Wnts could function at an earlier
stage in neuromuscular synapse formation. Following
pathfinding of motor axons to developing limbs, motor
axons undergo a waiting period before invading the limb
muscle; the resumption of motor axon growth is thought
to depend upon signals provided by developing myo-
tubes (Dahm and Landmesser, 1988). Perhaps, analo-
gous to the proposed role for Wnts in remodeling mossy
fiber growth cones in the cerebellum, Wnts might act
to stimulate motor axon growth following this waiting
period.
Conclusion
Hall et al. (2000) have shown that Wnt-7a, synthesized
by postsynaptic GCs, can regulate the structure of pre-
synaptic mossy fiber axons and growth cones in cell
culture. The authors present convincing but less striking
evidence that Wnts have a role in remodeling axons and
growth cones in vivo. The multiplicity of Wnts, Frizzleds,
and transcription factors activated by Wnt signaling pre-
sents a daunting challenge for those seeking to decipher
the precise roles of Wnt signaling in vivo. Nevertheless,
such complexity would appear appropriate for regulat-
ing the structure and function of synapses in the CNS.
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